We have theoretically investigated how a small fraction of energetic beamed electrons influences the diagnostics of the electron density in hot plasmas, based on the intensity ratio R of the helium-like forbidden line to the intercombination lines. Elaborate calculations of the intensity ratio R have been performed for Ne 8+ ions over the range of electron densities 10 9 -10 13 cm −3 using an electron distribution (model) that includes both Maxwellian isotropic and monoenergetic beam components. By taking into account all important transitions among the 117 magnetic sublevels of the 1s 2 and 1snl (n = 2-4) configurations, a collisional-radiative model has been applied for determining the populations of the upper-magnetic sublevels of lines. The required collision strengths due to both electron components were computed semi-relativistically in the complementary distorted-wave and Coulomb-Bethe methods. The results are given for temperatures T e of the Maxwellian electron component in the range 2-5 × 10 6 K and for kinetic energies e 0 of the monoenergetic electron component between 0.95 and 4 keV. At low T e and e 0 not too high, the anisotropy of the intensity angular distribution of lines is found to have an appreciable effect on the R ratio. The electron density inferred from the intensity ratio R without including the beam effect can be significantly overestimated or underestimated depending upon the emission angle relative to the electron beam direction.
Introduction
X-ray line emission of highly charged He-like ions has been found useful for diagnostic purposes in order to deduce the electron temperature, the electron density, or the state of ionization of the ions for both, hot collisionally ionized and relatively cold photoionized, plasmas. Gabriel and Jordan [1, 2] were the first to develop the theory of He-like line ratios for their application as a diagnostic tool for understanding the plasma conditions. Their first derivation of quantitative relationships between the intensity ratios and the plasma parameters were later refined in a number of works [3] [4] [5] [6] to apply to a wide variety of astrophysical and laboratory plasmas.
Among the He-like line ratios there is the ratio R = I z /(I x + I y ) of the intensity of the forbidden magnetic-dipole line z(1s2s 3 S 1 → 1s 2 1 S 0 ) to the intensities of the (electric dipole allowed but spin-forbidden) intercombination lines x, y(1s2p 3 P 2,1 → 1s 2 1 S 0 ) which is a useful tool for the diagnostics of the electron density n e [7, 8] . For He-like ions with nuclear charge Z = 6-12, this intensity ratio R is strongly sensitive to the density n e above a certain critical value that increases from ∼10 8 to ∼10 12 cm −3 as Z is enlarged. This sensitivity to the electron density occurs approximately within two orders of magnitude in n e , and it arises from the metastability of the z upper level from which there is collisional transfer of population to the x and y upper levels.
Almost all of the previous works on using the intensity ratio R for plasma diagnostics were carried out under the assumption that the free electrons follow an isotropic Maxwellian velocity distribution. It is known, however, that under certain conditions, the electron distribution shows some anisotropic effects at high energies that lead to deviations from a purely Maxwellian behaviour in a number of different types of hot laboratory plasmas, including magnetically confined [9, 10] , laser-produced [11, 12] , z-pinch [13, 14] plasmas and plasma focus devices [15] . There also exists both observational and theoretical evidence that the electron velocity distributions in many hot astrophysical plasmas differ from the Maxwellian distribution and are anisotropic, and this applies in particular to the solar corona and flaring loops [16, 17] . In this work, we investigate theoretically how a small fraction of monoenergetic electrons with a directed, beam-like distribution affects the intensity ratio R in hot plasmas and, hence, may modify the density diagnostic of plasmas with regard to a purely Maxwellian plasma.
The presence of directional and (highly) energetic electrons can affect the relative intensity of the observed lines in the emitting plasma in two ways. First, the directionality character of the electron beam leads in general to differences of population between the magnetic sublevels within a given excited level. For this reason, the (line) radiation emitted in the decay of this level to a lower level will be polarized and exhibit an anisotropic angular distribution. When compared with the isotropic case, in fact, the line intensity can change significantly at some emission angle with respect to the electron beam direction, depending on the electromagnetic multipole type of the corresponding transition and on the sign of its polarization degree. It can be expected, therefore, that the intensity ratio of two lines can be more affected by such anisotropy effects if the two intensities differ from their mean values in an opposite sense, for example, if one is enhanced and the other is reduced.
Second, the high-energy character would significantly influence the level populations through changes of the excitation rate coefficients relative to the Maxwellian ones. In practice, the contribution of energetic electrons to the excitation rate coefficients depends on the energy of such electrons relative to both the excitation threshold energy and the mean energy of the Maxwellian electrons. In addition, its contribution also depends on the type of the collisional transition, whether optically allowed, intercombination or forbidden. When the threshold energy is large compared to the thermal energy, one can expect that the excitation rate coefficient is much more enhanced for the optically allowed transitions by the non-thermal high-energy electrons than for forbidden transitions.
There have been numerous studies that have dealt with the influence of highly energetic electrons on the intensity of x-ray lines (see, e.g., [14, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] ). In most of these case studies, the energetic electrons were considered to be either isotropic or with a beam-like distribution, although in the latter case the effects of polarization and anisotropy of emission lines were not taken into account except for a few papers [14, 21] .
In this work we have performed detailed calculations of the intensity ratio R for helium-like Ne 8+ ions for a wide range of electron densities n e from 10 9 to 10 13 cm −3 , using a steady-state collisional-radiative model based on an electron velocity distribution which includes both Maxwellian isotropic and monoenergetic beam components. In these computations, the polarization and anisotropic angular distribution of the emitted lines are taken into account. The density dependence of R has been computed for several values of the temperature of the Maxwellian component in the range 2-5 × 10 6 K, as well as for different energies and fractions of the monoenergetic electron component in the range of 0.95-4 keV and 0-10%, respectively. The calculations were also carried out for various angles of emission relative to the electron beam direction between 0
• and 90 • . Our choice for Ne 8+ ions is motivated in part by its large cosmic abundance and the fact that the density range of sensitivity of the corresponding R ratio is characteristic of solar flare plasmas, where there is presently ample evidence of strongly anisotropic pitch-angle distributions of accelerated electrons. Moreover, detailed calculations on the density dependence of the degree of polarization of the y and z lines from Ne 8+ ions have been published recently by Rachedi et al [28] . These calculations have been performed in the context of electron beam ion trap (EBIT) studies, where all the colliding electrons are quasi-unidirectional and monoenergetic. They have revealed that, at low electron densities, the lines y and z are significantly negatively polarized near to the threshold excitation but that, as n e is increased, the effect of the 1s2s 3 S 1 → 1s2p 3 P 1,2 excitations results in a strong reduction of the polarization degree followed by a change of sign.
The general plan of the paper is as follows. In section 2, we provide the basic equations as required for the calculation of the line ratio R in a collisional-radiative model, taking into account the radiative emission anisotropy. Data for collisional transitions between magnetic sublevels due to both electron components, Maxwellian isotropic and monoenergetic beam, are given in section 3, with emphasis on the contribution of the electron-beam component to the excitation rate coefficients. In section 4, we first present our results for the degree of polarization of the three lines x, y and z. Here, we also show how the intensity ratio R depends on the electron density for several combinations of the Maxwellian temperature, beam energy and beam fraction. We also discuss the implications of our results with regard to plasma density diagnostics. A few conclusions are given in section 5. In the appendix, in addition, we derived the general expressions for the collision strength for transition between magnetic sublevels caused by isotropic electrons.
Basic formulae
If ions are excited by electrons with an axially symmetric velocity distribution (with regard to some axis z), the emitted line radiation is in general linear polarized, and its intensity distribution is symmetric around this axis. For the electricdipole line y and magnetic-dipole line z, the intensities I y (θ ) and I z (θ ) emitted at an angle θ with respect to the z-axis can be related by I y (θ ) = I y 1 − P y cos 2 θ 1 − P y /3 and
to the mean (i.e., 4π -averaged) intensities I y and I z , respectively. In these equations, P y and P z denote the degree of polarization of the lines y and z for the emission angle θ = 90
• . Moreover, if we denote for a line b, the population of the upper magnetic sublevel a = 2S+1 L J j M j by N a,b , the (degree of) polarization P y and P z can be expressed as
Furthermore, for the magnetic-quadrupole line x, the degree of polarization is given by [29] 
while its intensity I x (θ ) can be written as
It should be mentioned here that, in contrast to the dipole lines, the intensity I x (θ ) cannot be explicitly connected with P x .
As it will be seen later, the ratios I x (θ )/ I x and I y (θ )/ I y are very close to each other for any value of θ , i.e. that the intensity angular distribution of the x and y lines are very similar to each other. As a consequence and by using equation (1), an approximate formula can be derived that relates the intensity ratio R(θ) directly to its mean value R = I z /( I x + I y ), i.e.
R(θ)
Moreover, if we denote the transition probability of a line b (b = x, y or z) by A b and its wavelength by λ b (with λ x ≈ λ y ), we obtain
In the computations below, the populations of the upper magnetic sublevels of the considered lines are determined in a steady-state collisional-radiative model. At the electron densities 5×10
10 n e 5×10 12 cm −3 , at which the intensity ratio R of the Ne 8+ ions is particularly sensitive, one needs to consider only the collisional transitions from the ground 1 1 S 0 and metastable 2 3 S 1 levels. Apart from this latter level, all other excited levels are almost entirely depopulated by radiative decay with probabilities larger than 10 7 s −1 . The populations N a,b that enter equations (1)-(4) are obtained as solutions of a coupled set of rate equations, those which explicitly govern them can be written as
for the upper magnetic sublevels of the y line, and
for the upper magnetic sublevels of the z line. For the upper sublevels of the x line, moreover, the population N M j ,x is obtained by an equation analogue to (7) but by replacing y → x and 2 3 P 1 → 2 3 P 2 . In equations (7) and (8), k is used to denote all further quantum numbers that are needed for a unique description of the target states in addition to the total angular momentum J k and its z projection M k . As before, A b is the radiative transition probability and C is the collisional excitation rate coefficient.
The last term on the right-hand side of both equations (7) and (8) accounts for the population of the magnetic sublevels j J j M j due to radiative cascades from higher sublevels k J k M k . Hereby, all the higher, cascading levels k J k can be assumed to decay radiatively to lower excited levels primarily by electric-dipole transitions. The E1 transition probability between individual magnetic sublevels can be deduced from the overall decay probability of the upper to the lower level by using the expression
where
In writing the left-hand side of equations (7) and (8), we have used the fact that the A probability from any j J j M j magnetic sublevel to a lower i J i level is independent of M j and is equal to the level-to-level transition probability, i.e.
As motivated and explained above, the velocity distribution of the electrons in the emitting plasma has been chosen to consist of two components, one Maxwellian isotropic and the other monoenergetic beam. Therefore, the velocity distribution can be overall characterized by three parameters, namely, the electron temperature T e of the Maxwellian component, the kinetic energy e 0 of the monoenergetic electron beam and the fraction f of the electron density involved in the beam component. For each collisional excitation, then, the rate coefficient C is determined from the combination of two rate coefficients C M and C b due to, respectively, the Maxwellian electron and beam electron components
The rate coefficient C M , in units of cm 3 s −1 , is given in terms of the 4π -averaged collision strength by
where T e before the integral is in Kelvins, k is Boltzmann's constant, E ij = E j − E i is the transition energy and i is the kinetic energy of the incident electron. General expressions for the sublevel-dependent collision strength
are derived in the appendix. In the particular case of an excitation from the ground level (J i = 0), the C M coefficient does not depend on the final sublevel M j and is simply given by
For the electron-beam component, the rate coefficient C b , in cm 3 s −1 , is obtained from the relationship
where the kinetic energy e 0 is taken in eV and where the collision strength
for incident electrons along the z-direction can be obtained from explicit expressions as found, for instance, in the text of Rachedi et al [28] . Both C M and C b satisfy the useful symmetry relation
where the subscript K stands for 'M' or 'b'. The total rate coefficient for transition between levels can be obtained from
Excitation rate coefficients
The collision strengths due to both beam electrons and isotropic electrons were computed in a semi-relativistic distorted-wave method based on adaptation of the wellknown University College London set of codes [30] [31] [32] to the treatment of transitions between magnetic sublevels, as done in Inal and Dubau [33, 34] . For incident electrons with high kinetic energies relative to the transition energies, the high partial-wave contributions to the collision strengths for allowed transitions were calculated in the Coulomb-Bethe approach using the basic program of Burgess and Sheorey [35] . The details of the calculations of such contributions have already been described by Rachedi et al [28] in the case of unidirectional incident electrons. For isotropic electrons the Coulomb-Bethe calculations are even simpler since the angular-averaged partial-wave collision strengths between magnetic sublevels can be directly deduced from the corresponding partial-wave level-to-level collision strengths, according to equation (A.6) derived in the appendix.
We have calculated the Maxwellian-averaged rate coefficients C M for the excitation of the Ne 8+ ions from the 1 1 S 0 ground level to all magnetic sublevels associated with the 30 levels of the 1snl configurations with n = 2, 3 and 4, and from the 2 3 S 1 metastable magnetic sublevels to the 2 3 P 0,1,2 magnetic sublevels at the three temperatures T e = 2 × 10 6 , 3 × 10 6 and 5 × 10 6 K. We have also calculated the beam rate coefficients C b for the same transitions at the four energies e 0 = 950, 1250, 2000 and 4000 eV, and with the first energy just being slightly above the 1s 2 → 1s2l [36] . For the 2 3 S 1 → 2 3 P 0,1,2 excitations, the resonance contributions to the rate coefficients C M were ignored because they are known to be weak [36] . Instead of giving our calculated rate coefficients C M and C b for direct excitation from the ground level to the 1s3l and 1s4l magnetic sublevels, tables 1 and 3 only show the contributions of these excitations followed by radiative cascades into the 1s2l magnetic sublevels. The radiative transition probabilities from the 1s3l and 1s4l levels as adopted for estimating the cascade effects were evaluated with the SUPERSTRUCTURE atomic structure code [31] . In fact, the transition probabilities from 1s3l levels were already given in table 1 of Rachedi et al [28] . Note that for the kinetic energy e 0 = 950 eV, the beam electrons excite only the 1s2l levels from the 1 1 S 0 level and, thus, no cascade contributions can occur to the rate coefficients C b from the higher lying 1snl levels with n 3. In table 2, moreover, the two rate coefficients C M (2 3 S 1 M i → 2 3 P 0 ) for M i = 0 and M i = 1 are not shown since both of them are equal to the level-to-level rate coefficient C M (2 3 S 1 → 2 3 P 0 ). In both tables 2 and 4, it is seen that the rate coefficients for the n = 0 optically forbidden transitions between magnetic sublevels, 2 3 S 1 M i = 0 → 2 3 P 1 M j = 0 and 2 3 S 1 M i → 2 3 P 1,2 M j with |M i −M j | 2, are three orders of magnitude smaller than those for the allowed transitions and can be neglected in the collisional-radiative calculations.
A closer inspection of tables 2 and 4 reveals that for the strong (allowed) transitions 2 3 S 1 M i → 2 3 P J j M j the rate coefficients C M and C b are of comparable magnitude. This arises from the very small 2 3 S 1 → 2 3 P J j energy separation which is only about 10 eV. For a small fraction of less than 10% of the monoenergetic electron beam to the overall electron distribution, the collisional transitions 2 3 S 1 M i → 2 3 P J j M j occur mainly with Maxwellian electrons. More precisely, the contribution to total rate coefficients for such transitions due to some fraction f of beam electrons does not, according to our calculations, exceed the magnitude of f (in %) for any considered pair of parameters T e and e o . Note that the C M rate coefficient for the allowed transition 2 3 S 1 M i → 2 3 P 1 M j appears to be independent of the initial M i and final M j sublevels.
By comparing now the relative importance of the C M and C b rate coefficients for direct excitation from the ground level, it can be seen from tables 1 and 3 that the C M for T e = 2 × 10 6 and 3 × 10 6 K are much smaller than the C b for e 0 < 2 keV. At these two temperatures, the threshold energy is well above the average thermal energy ( E ij /kT e = 5.3 and 3.5, respectively), and only a small proportion of the Maxwellian electrons are able to excite the ions from the 1s 2 ground to the 1s2l levels. For example, at T e = 2 × 10 6 K only 1.4% among the Maxwellian electrons contribute to the C M , and the values of calculated total rate coefficients C given by equation (10) are found to increase up to a factor of 7 when the C b term is included for a beam fraction of f = 5%. If we furthermore consider a temperature T e = 5 × 10 6 K and kinetic energy e 0 = 4 keV, the efficiency of the Maxwellian electron component in the excitation from the ground level takes considerable importance while that of the monoenergetic electron component becomes weak. This small contribution of the beam component is related to the fact that the collision strengths to the 1s2l triplet levels decrease rapidly with increasing electron energy.
To our knowledge, there are no published data available to which we can compare our results of C b for the transitions from the ground level to M j -sublevels as well as of C M for the 2 3 S 1 M i → 2 3 P J j M j transitions. For the latter transitions, our C b values at energies e 0 = 950 and 1250 eV were compared with those interpolated from the full relativistic calculations of Zhang and Sampson [37] . The agreement of these data is better than 16% for the important allowed transitions, as already stated in Rachedi et al [28] . Let us mention that our C M rate coefficients for the level-to-level transitions 1 1 S 0 → 2 3 S 1 , 2 3 P 0,1,2 and 2 3 S 1 → 2 3 P 0,1,2 were found to agree to better than 3% with those reported in Zhang and Sampson [36] . Very good agreement was also found between the present C b calculations for the level-to-level transitions 1 1 S 0 → 2 3 S 1 , 2 3 P 0,1,2 at the energy e 0 = 1250 eV and those from Chen et al [38] , who used the full relativistic Dirac Rmatrix method.
To summarize this section, it can be retained that the contribution of C b has small effect on the 2 3 S 1 M i → 2 3 P J j M j rate coefficients but can play, even for a fraction f of a few percents, a noticeable role in the rate coefficients from the ground level, especially at low T e and e 0 not too high. Moreover, the C b contribution affects more significantly the 1 1 S 0 → 2 3 S 1 excitation than the 1 1 S 0 → 2 3 P 1,2 excitations when including the radiative cascades from 1s3l and 1s4l levels.
Numerical results and discussion
The excitation rate coefficients listed in tables 1-4 have been employed to calculate the populations of the upper magnetic sublevels of the lines x, y and z. For the rate coefficients from the ground level, given in tables 1 and 3, the contribution of resonances and of cascades from 1s3l and 1s4l levels have been incorporated. The radiative transition probabilities from the 1s2l triplet levels used in the collisional-radiative calculations are those shown in table 1 of Rachedi et al [28] , who took them from Johnson et al [39] . We have determined the magneticsublevel populations as a function of electron density n e for the various values of T e and e 0 considered in the collisionnal data in section 3 and for values of the beam fraction f between 0 and 10%. 6 
Line polarization
Our results for the polarization degrees P x , P y and P z of the x, y and z lines (at 90
• to the electron beam direction) are plotted in figure 1 as a function of the electron density in the 10 9 -10 13 cm −3 range, for several selected values of the parameters T e and e 0 . All the results presented in this figure have been obtained by taking the beam fraction to be f = 5%. We first note that for e 0 = 950 eV, i.e. figure 1(a) , the P x curves are not shown because they are practically blended with the corresponding P y curves at all densities. This near equality between P x and P y is due to the relations
, and to the fact that there are no radiative cascades from 1snl levels with n 3 due to the energy of the beam electrons. Note that for kinetic energies e 0 larger than the 1s 2 → 1s3l excitation threshold energy, the line x is predicted to be always more polarized than line y because of radiative cascade effects. At high energies e 0 = 2 and 4 keV the polarization degrees of the three lines are not shown for T e = 5 × 10 6 K (figures 1(b) and (c)) since they are extremely small, i.e. less than 3% and 0.5% in absolute value, respectively. For this T e value the contribution to rate coefficients for excitation from the ground level coming from the 5% beam electrons is found to be less than 7.5% for e 0 = 2 keV and 2.0% for e 0 = 4 keV. Note that at e 0 = 4 keV, even in the limit f → 1, i.e. pure electron beam, the absolute polarizations |P y | and |P z | do not exceed 20% and 12%, respectively.
In the range of low densities, i.e. n e 10 10 cm −3 , where the 1s2l levels are populated almost only as a result of excitations from the ground level, the three lines are not significantly depolarized by the Maxwellian electrons at T e = 2 × 10 6 K for e 0 = 950 or 1250 eV for which the 1s 2 → 1s2l excitations by beam electrons dominate those by Maxwellian electrons. As an example, for e 0 = 950 eV our calculations show that P y decreases from ∼ − 49% in the absence of the Maxwellian component (f → 1) to ∼ − 38% for f = 5%. By comparing figures 1(a)-(c) the reduction of the polarization of the lines is seen to be more and more pronounced as T e and / or e 0 is increased, as expected since the contribution of the Maxwellian component to excitation rate coefficients become more and more important.
It is of interest to point out that, when n e is increased, the decrease in the degree of polarization is much less important than for a pure electron beam as considered in the work of Rachedi et al [28] , where the decrease is often followed by a change of sign. Our calculations indicate that at, for example, e 0 = 2 keV, in going from n e = 10 9 to 10 13 cm −3 P y changes from −39.8% to +8.7% in the pure beam situation (f = 1) whereas P y decreases only from −17.7% to −6.0% in the case of f = 5% and T e = 2 × 10 6 K. This is because, as mentioned in section 3, only the Maxwellian electron component is mainly responsible for the collisional transfer from the metastable level to levels 2 3 P 0,1,2 . Such a transfer is almost unselective with respect to the 2 3 P 1 and 2 3 P 2 magnetic sublevels when induced by Maxwellian electrons, whereas it leads, when induced by beam electrons, to a preferential population of the magnetic sublevels which is opposite to that of the excitation from the ground level [28] . 
Line intensity ratio
Before presenting our results of the intensity ratio R, it seems to us interesting to first compare the angular anisotropy of the two emissions x and y. This is illustrated in figure 2 , where the intensities I x and I y of the lines x and y relative to their 4π -averaged values I x and I y are displayed versus the emission angle θ with respect to the electron beam direction, for three representative (T e , e 0 ) couples. The electron density was fixed at n e = 10 11 cm −3 and the beam fraction at f = 5%. Neither the results of I (θ)/ I for e 0 = 950 eV nor those for T e = 5 × 10 6 K would be useful to show. The reason is that at the 950 eV beam energy, where radiative cascades to the x and y upper levels due to beam electrons cannot occur, there is quasi-equality between I x (θ )/ I x and I y (θ )/ I y at any angle θ and independently of n e . This results from two facts. The first is that the populations of the x upper sublevels satisfy the relation N 2,x = 4N 1,x − 3N 0,x . As a consequence, the intensity I x (θ ) and polarization P x become directly related to each other by an expression exactly similar to that applying to the dipole line y (see equation (1)). The second fact is that P x ≈ P y , as mentioned in section 3. As for T e = 5 × 10 6 K, both the x and y lines are weakly polarized, and one expects their intensity angular distribution practically isotropic.
It is seen from figure 2 that the intensity angular distribution of the lines x and y do not differ significantly to each other. The differences become smaller with increasing e 0 and/or T e because of the reduction of line polarization resulting from a lesser contribution of beam electrons to the excited level populations. This would also happen when the density n e increases above 10 11 cm −3 . Therefore, expression (5) can be used with confidence for an approximate determination of R(θ) from R . Figures 3 and 4 show our calculated intensity ratio R as a function of the electron density ranging from 10 9 to 10 13 cm −3 for six selected (T e , e 0 ) couples among the 12 different possibilities considered in this work. As for figures 1 and 2, we have taken the beam fraction to be f = 5%. In figures 3(a)-(c) , where the three chosen (T e , e 0 ) couples are such that one can expect an influence more or less significant of the emission anisotropy, the results of R are presented for the emission of lines at four angles θ with respect to the electron beam direction between 0
• and 90
• . On the other hand, in figures 4(a)-(c), corresponding to (T e , e 0 ) couples such that the x, y and z emissions are expected to be weakly anisotropic, only the ratio R at θ = 90
• is displayed. To better show the two types of effects arising from the occurrence of the 5% beam electrons in the emitting plasma indicated in section 1, both figures 3 and 4 also present the ratio R of 4π -averaged intensities as well as the ratio R M calculated without the electron-beam component included, i.e. in the pure Intensity ratio Intensity ratio 
Maxwellian limit (f = 0). A comparison between R(90
• ) and R allows us to measure the effects of anisotropy of line emission due to the directionality aspect of the electron-beam component, whereas a comparison between R and R M allows us to assess the effects related to the high-energy aspect.
It is clear that the most significant differences between R(90 • ) and R and between R and R M occur in the case of low T e (T e = 2 × 10 6 K) and e 0 not too high (e 0 = 1.25 keV) presented in figure 3(a) . It can be seen from figure 3 that the density sensitivity of the ratio R for θ = 90
• can be much more remarkable than that for θ = 0
• . In the particular case shown in figure 3(a) , the R(90
• ) and R(0 • ) decrease by a factor of ∼20 and ∼15 in going from 10 9 to 10 13 cm −3 , respectively. On the other hand, we find that the allowance for the anisotropy of line emission can lead to a 15% increase of the ratio R(90
• ) and a 24% decrease of the ratio R(0 • ) compared to R . The reason for this significant increase of R(90
• ) or decrease of R(0 • ) relative to R is that the polarization has opposite effects on the intensities of z and (x, y) lines. It increases (decreases) at θ = 90
• (θ = 0 • ) the intensity of z line but decreases (increases) the intensity of x and y lines. As expected, figures 3(a)-(c) show clearly a reduction of the θ -dependence of the R ratio with increasing T e and/or e 0 . The reduction of angular anisotropy of R also occurs if the electron density is increased for given values of T e and e 0 as a direct consequence of the decrease of the polarization of lines demonstrated in figure 1 . When comparing now R to the Maxwellian value R M , the first ratio can be greater than the second one by no more than 16%, which means that the R ratio is not appreciably influenced by the high-energy aspect of the electron-beam component. For the density range over which R is sensitive (10 11 n e 5×10 12 cm −3 ), the R(90 • ) and R(0 • ) can be, respectively, 31% greater and 11% smaller than the R M for the specific case of T e = 2 × 10 6 K and e 0 = 1.25 keV. In this case, the density inferred from the R(90
• ) assuming a pure Maxwellian electron distribution can be underestimated by a factor of about 3. By contrast, the density inferred from the R(0 • ) can be overestimated by a factor of about 7. In figure 4 the three R(90
• ), R and R M curves are seen to stay very close to one another over the whole density range. Therefore, at T e and e 0 both relatively high such as those considered in figure 4 neglect of the 5% electronbeam component has very negligible effect on the R ratio. This proceeds from the fact that all the collisional transitions involved in the population of the 1s2l triplet levels are almost completely caused by the Maxwellian electrons, particularly those from the ground level.
Let us mention that the only calculations available in the literature with which we can make comparison are for the pure-Maxwellian ratio R M . Agreement within 5% was found between the present R M results displayed in figure 4 and those of Keenan et al [40] . On the other hand, we have compared the ratio R(90
• ) presented in figures 3 and 4 to that calculated using the approximate relation R(90
• ) ≈ R (3−P y )/(3+P z ) derived from equation (5). The differences have been found to be very insignificant, and therefore the dependence of the R ratio on θ can be well described by means of formula (5). Figure 5 shows the dependence of the R(90
• ) ratio on the beam fraction f for three values of the density n e = 10 11 , 5 × 10 11 , and 10 12 cm −3 . In figure 5 (a) we give the results calculated for T e = 2 × 10 6 K and e 0 = 1.25 keV, while in figure 5(b) we give the results for T e = 3 × 10 6 K and e 0 = 2 keV. In order to see the importance of angular anisotropy, also shown in figure 5 is the ratio R for the 4π -averaged emission. We first note that at a given density both R(90 • ) and R increase monotonously with increasing f as a consequence of the effects of electron beam component which enhance, through radiative cascades, more significantly the z intensity than the x and y intensities. We further note that, as expected, R(90 • ) can be more fsensitive than the corresponding R (at the same electron density). Of course, in the limit f → 0 R(90
• ) tends to R at any T e or n e . As n e increases, the difference between R(90 • ) and R becomes smaller as the polarization of the lines is reduced.
In the low-density limit we find that, for the same parameters T e and e 0 as those considered in figure 5(a) , R(90 • ) and R vary from 2.9 to 4.1 and to 3.5, respectively, as f increases within the range 0-10%. For the parameters T e and e 0 considered in figure 5(b) , the line polarizations are too low to introduce substantial differences between the R(90
• ) and R , at least for f 5%. Our calculations reported in figure 5(a) indicate that for the lowest density considered, i.e. 10 12 cm −3 , and for two (T e , e 0 ) couples: (a) (2 × 10 6 K, 1.25 keV) and (b) (3 × 10 6 K, 2 keV). Results are shown for both the ratio for emission at 90
• to the electron beam, R(90 • ), and for 4π -averaged emission, R . n e = 10 11 cm −3 , the ratio R(90 • ) at f = 10% is enhanced by 17% compared to the ratio R and by 37% compared to a pure Maxwellian distribution with no beam electrons. It is worth noting that there is an increase of R(90
• ) by more than 20% relative to the pure Maxwellian situation as soon as the beam-fraction f exceeds 1.7%. At precisely f = 1.7%, the interpretation of the R(90
• ) based on the assumption of a pure Maxwellian plasma can underestimate by a factor of 2.3 the true electron density.
Conclusions
In this paper we have reported the results of elaborate calculations for the ratio R of the Ne 8+ forbidden magneticdipole z to intercombination (x, y) line intensities over the electron density range 10 9 -10 13 cm −3 , assuming the presence of a small proportion of directional energetic electrons in the emitting plasma. The density dependence of the intensity ratio R was computed for various plasma conditions characterized by a temperature T e of the Maxwellian electrons in the range 2-5 × 10 6 K, a kinetic energy e 0 and fraction f of the beam electrons in the range 0.95-4 keV and 0-10%, respectively.
At high T e ( 5 × 10 6 K) and e 0 ( 2 keV), the effect of the beam electrons on the R ratio is negligibly small owing to the weak contribution of these electrons in the excitation process from the ground level. But for low T e ( 2 × 10 6 K) and e 0 not too high ( 2 keV), our calculations have shown that the R ratio can be significantly influenced by the beam electrons, and this arises mainly because of their directional dependence rather than because of their high energy. The intensities of lines z and (x, y) are found to differ from their corresponding 4π -averaged values in just the opposite manner, making the R ratio sensitive to the direction of emission with respect to the electron beam. At, for example, n e = 10 11 cm −3 , T e = 2 × 10 6 K, e 0 = 1.25 keV and f = 5%, the angular sensitivity of R is manifested by a ∼10% decrease and a ∼30% increase of R compared with the pure-Maxwellian situation when the emission angle varies from θ = 0
• (along the electron beam) to θ = 90
• (perpendicular to the electron beam). This leads to an overestimation of the electron density by a factor of ∼7 if deduced from the R(0 • ) ratio, and to an underestimation by a factor of ∼3 if inferred from the R(90
• ) ratio when the effects of the beam electrons are omitted. As the density increases, the anisotropy effects decrease and become insignificant for n e 2 × 10 12 cm −3 . The calculated R ratio presented here does not include the contribution from neither the recombination (radiative plus dielectronic) nor the inner-shell ionization processes. Such an inclusion is presently beyond our capability. From a qualitative point of view, the contribution due to inner-shell ionization of Ne 7+ , which can be expected to be significant in the presence of energetic electrons, would have the effect of increasing the intensity of the z line with a decrease of its angular anisotropy. This would lead to an increase of both the R(0 • ) and R(90 • ) ratios in a nearly similar way.
